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ABSTRACT
An experimental approach is proposed to investigate the gas-solid structure in the
vicinity of a sparger nozzle in a fluidized bed. The local hydrodynamics were studied
under injection velocities ranging between 0 and 100 m/s and three orientations. A
fiber-optic probe was used to measure the instantaneous local particle holdup near
the tip of the sparger nozzle. Under the investigated conditions, the local gas-solid
structure was influenced by the nozzle orientation and injection velocity and varied
according the measurement position. Four distinct zones were identified from the
local particle holdup data, with the boundaries corresponding to characteristic jet
lengths. Strong discrepancies were found with existing correlations. Further studies
are required to achieve better jet length estimation and dynamic analysis of the gassolid structure.
INTRODUCTION
Gas injection by means of spargers in a fluidized bed reactor is common practice in
industrial processes, especially where fast exothermic reactions such as partial
oxidation and combustion reactions are taking place (1, 2). For those reactions,
spargers play a key role in introducing reactant gases at different locations in the
fluidized bed media in order to improve selectivity. Furthermore, the jetting structure
often associated with high injection velocities has been reported to considerably
intensify the momentum, heat and mass transport (3-6).
Up to now, the understanding and capability of modeling the nozzle region of
fluidized beds are limited. The majority of studies carried out on nozzles in fluidized
beds focused on upward oriented grid nozzles. As for sparger nozzles, upward
oriented sparger nozzles have been studied mostly in jetting fluidized beds (7), while
horizontal (8), inclined (9) and downward (1, 2) oriented sparger nozzles were
usually studied in fluidized beds. Most studies focused on establishing the boundary
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Figure 1 – Schematic diagram of the experimental setup and sparger nozzle/fiberoptic probe configurations
of the jetting structure, mainly the jet penetration length and to a lesser extent its
shape (jet half angles). As such, Knowlton and Hirsan’s (10) work was instrumental
in defining the characteristic jet lengths, namely the minimum jet length (Lj,min), the
maximum jet length (Lj,max) and introducing the length corresponding to the
deepest penetration of high momentum bubbles originating from the nozzle (Lj,b)
where Lj,min<Lj,max<Lj,b. Despite the wide range of experimental approaches that
have been used in the past, the majority of the studies yielding correlations have
been carried out by visual observation near the wall of two-dimensional and semicylindrical fluidized beds.
The purpose of the present study is to investigate the boundary and the gas-solid
structure in the vicinity of a sparger nozzle in a fluidized bed of using a fiber-optic
probe in a three-dimensional fluidized bed.
EXPERIMENTAL PROCEDURE
Experiments were carried out under ambient conditions in a column with an inner
diameter of 0.15 m and a height of 1.50 m. The experimental apparatus is depicted
in Figure 1. Air was introduced into the column through a porous plate distributor.
FCC particles (Geldart A, ρp = 1673 kg/m3, dp = 70µm, Φmf = 0.55, Umf = 0.003 m/s
(calculated), Uc = 0.77 m/s (determined experimentally)) were used as bed material.
The static bed height was 0.17 m and the superficial gas velocity (Ug) was 0.9 m/s
for all experiments. Under operation the bed height reached 0.6-0.8 m. A cyclone
mounted on top of the column allowed for the entrained particles to be returned to
the fluidized bed. Despite the relatively high superficial gas velocity, the cyclone was
sufficiently efficient to allow for the runs to go on without noticeable bed elutriation.
A http://dc.engconfintl.org/fluidization_xii/102
single-nozzle sparger with a 2 mm opening was used for all runs. The nozzle was
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Figure 2 – Influence of injection velocity and measurement distance on the mean
particle holdup for three nozzle orientations
positioned at the column center, 0.15 m above the porous plate distributor. The
distance between the probe tip and the nozzle opening could be varied and unless
specified otherwise, the distance was 15 mm. Inserts in Figure 1 detail the fiberoptic probe/sparger nozzle configurations for all three orientations studied. For each
configuration, the injection velocity (Uo) was varied between 0 and 100 m/s. Prior to
testing, the fiber-optic probe was calibrated according to the previously published
work of Cui et al (11).
RESULTS AND DISCUSSION
The results from the runs clearly show that the flow near a nozzle may differ from the
bulk of the fluidized bed and often yields a distinct gas-solid structure. This structure
can be analyzed in terms of time-averaged and dynamic properties. In the present
work, only the results pertaining to time-averaged properties are presented.
Mean Particle Holdup
The mean particle holdup was studied with respect to the measurement location and
the injection velocity. These are presented in Figure 2, where (a) shows the results
for a downward oriented sparger nozzle for three measurement distances and (b)
shows the results from both upward and horizontal oriented sparger nozzles. From
figure 2(a), it can be observed that the changes in the average local particle holdup
can be generally described by linear relationships between the average local particle
holdup and the injection velocity. As the distance between the nozzle and the probe
is increased, the trends for all three distances are the same the only change is that
the transitions between each linear parts of the curve are pushed towards higher
injection velocities. This linear relationship between the solid holdup and injection
velocity is also observed in Figure 2(b), where the results from horizontal and
upward oriented nozzles are presented.
At low injection velocity (0-10 m/s), the downward and horizontal oriented nozzles
show that local particle holdup remains constant, at the same value as when no gas
is fed through the nozzle, as if the injected gas had no impact on the fluidized media
by ECI Digital Archives, 2007
inPublished
the vicinity
of the fiber-optic probe. However, the upward oriented nozzle shows3 a
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velocity. This phenomenon is attributed to bubbles originating from the nozzle. The
bubble frequency and bubble size increase as the injection velocity is increased,
resulting in a lower particle holdup. From the experimental data, it appears that this
behavior starts when the injected gas velocity reaches the transition velocity, UBubbling
in the range 0.5-2 m/s. At the measurement location, there is no evidence of intense
bubbling with the downward and horizontal oriented sparger nozzles.
As the injection velocity is increased (20-50 m/s), a transition velocity marking the
beginning of a more sustained gas penetration is reached. This transition velocity is
identified as the jetting onset velocity, UJet,Onset, and when the distance between the
nozzle and fiber-optic probe is 15 mm is equivalent to 29, 34 and 15 m/s for the
downward, horizontal and upward oriented nozzles, respectively. As the injection
velocity is increased, the increased momentum results in more injected gas breaking
free through the emulsion phase of the fluidized bed. A jetting structure is
periodically forming and this phenomenon continues until a fully sustained injected
gas penetration and local domination of the injected gas over the fluidized bed is
reached. This transition velocity is identified as the permanent jetting velocity,
UJet,Prem, and is equivalent to 84, 85 and 67 m/s for the downward, horizontal and
upward oriented nozzles, respectively. The permanent jetting velocity delimits the
beginning of a remarkably constant particle holdup for all three orientations
(downward oriented nozzle: 0.041; horizontal oriented nozzle: 0.061; upward
oriented nozzle: 0.042). The amount of entrained particles inside the jet structure
was reported as being the major factor influencing the momentum and heat transfers
in the jetting region (3) of fluidized beds. The results suggest that the horizontal
oriented nozzle is more prone to particle entrainment as the local particle holdup is
greater than for the other two orientations investigated. Further experimental work is
required to address this and determine how the bed operating conditions, particle
and injected gas properties influence the particle entrainment within the jet structure.
In an effort to consolidate the jet length typically reported from visual observation
and the transitions velocities found in this work, four impact zones are defined
according to the influence the injected gas has on the fluidized bed. These impact
zones have the characteristic jet lengths as their boundaries and are presented in
Figure 2(b). The four impact zones are respectively: 1) no impact zone (L>Lj,b); 2)
intense bubbling zone (Lj,b>L>Lj,max); 3) pulsating jet zone (Lj,max>L>Lj,min); 4)
permanent jet zone (Lj,min>L). By varying the injection velocity, while keeping the
same sampling position, it is possible to determine the transition velocities for which
the distance between the sampling point and nozzle orifice (L) corresponds to a
characteristic jet length in the vicinity of a sparger nozzle in a three-dimensional
fluidized bed. In other words, when Uo is equal to UJet,Onset, the characteristic jet
length Lj,max will be equal to L (likewise when Uo = UJet,Perm ⇒ Lj,min = L and when
Uo = UBubbling ⇒ Lj,b = L).
Phase specific particle holdup
Since the fluidized bed structure may be described in terms of a dilute and a dense
phase, the results are also analyzed with respect to each phase. The segregation of
the data into dense and dilute phase elements is achieved based on the minimum
probability voidage method (11). The average particle holdup in the dilute phase,
http://dc.engconfintl.org/fluidization_xii/102
4
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with increasing injection velocity, following similar trends as observed with
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Figure 3 – Influence of injection velocity on the dilute phase fraction for three nozzle
orientations
the mean particle holdup presented in Figure 2. On the other hand, the dense phase
particle holdup remains almost constant throughout the range of injection velocities
investigated for all three nozzle orientations, ranging from 0.50 at low injection
velocity to 0.45 at high injection velocity. In order to complement this analysis, the
dilute phase fraction was computed and the results are presented in Figure 3. The
dilute phase fraction reflects the probability of the dilute phase to exist at the
measurement location. The observed trends are similar to those of Figure 2, with
transition velocities near the locations where the dilute fraction changes slope.
However near the UJet,Perm transition for all three orientations but most noticeable with
the upward oriented nozzle, the dilute phase fraction breaks from linearity and
approaches unity asymptotically.
Correlations from the Literature
The experimental transition velocities and corresponding jet lengths are compared to
existing correlations from the literature. The correlations and results are presented
in Table 1.
In most cases, important discrepancies exist between the calculated jet lengths and
the measurements. These discrepancies can often be attributed to the simplicity of
the correlations which do not always incorporate the system properties and
operating conditions. For example, only two out of ten account for the superficial
gas velocity and only six for the particle size diameter. Another source of
discrepancy comes as a result of the limited number of correlations. In fact most
correlations are based on experimental data from Geldart B and D particles, using
them for Geldart A particles results in coarse extrapolations of certain terms. Overall
the best agreement is achieved when calculating LJ,max for a downward oriented
sparger nozzle using the correlation proposed by Yates et al (1), which was derived
from tests with similar particles and operating conditions.
CONCLUSION
In an effort to investigate the gas-solid structure in the vicinity of a sparger nozzle, a
Published by probe
ECI Digital
Archives,
2007to measure the instantaneous local particle holdup near
5
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the tip of a single sparger nozzle. The results of the experimental work exhibited
noticeable characteristics that helped analyze the local gas-solid structure. The local
flow structure in the vicinity of a sparger nozzle in a fluidized bed depends strongly
on the injection velocity and orientation. Four impact zones were defined: at low
injection velocities, the no impact zone; with slightly higher injection velocity, the
intense bubbling zone (for the upward oriented nozzle only); at intermediate injection
velocities, the pulsating jet zone; at high injection velocities, the permanent jet zone.
The boundary of these zones corresponding to the characteristic jet lengths that are
typically reported from visual observation. On a time-averaged scale, the gas-solid
structure showed linear relationship between the hydrodynamic properties (mean
particle holdup, particle holdups in the dilute phase and dilute phase fraction (for
downward)) and the injection velocity. Transition velocities, UBubbling, UJet,Onset and
UJet,Perm, were easily determined from the mean particle holdup data.
The experimental jet lengths were compared with existing correlations. The particle
size appears to have a great influence on the predicted jet lengths. In general,
correlations developed for fluidized beds of coarse particles (Geldart B and D) are
not well suited for fine particles (Geldart A). Another drawback from the correlations
is that the influence of the fluidizing velocity is not always taken into account since
most of them were developed for incipiently fluidized beds. Further investigations
http://dc.engconfintl.org/fluidization_xii/102
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NOTATION
Variables
d = diameter (m)
f = phase fraction (-)
g = gravitational constant (m/s2)
h = height (m)
L = length (m)
U = velocity (m/s)
Greek letters
α = nozzle inclination angle (º)
ε = bed voidage (-)
µ = viscosity (Pa·s)
ρ = density (kg/m3)
Φ = particle holdup (-)

Subscripts
Bubbling = intense bubbling transition
c = transition to turbulent
cf = complete fluidization
dilute = dilute phase
g = superficial gas
Jet,Onset = jet onset transition
Jet,Perm = permanent jet transitions
j,b = high momentum jet bubbles
j,max = maximum jet
j,min = minimum jet
mf = minimum fluidization
o = orifice
p = particle
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